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Simple Summary: While cows are usually monovular, the incidence of dizygous twin births has
recently increased considerably alongside increasing milk production. Genetic progress and im-
provements in nutrition and management practices have led to a continuous increase in milk yield
and thus also to multiple ovulations and twin pregnancies. Twin pregnancies are undesirable as
they seriously compromise the welfare of the cow and herd economy. A better understanding of the
processes associated with multiple ovulations should help to reduce rates of twinning. During the
stages of the sexual cycle, temperature gradients are established within the ovary and throughout the
genital tract. Pre-ovulatory local cooling of the reproductive system favors male and female gamete
maturation and subsequent fertilization. In fact, thermal mechanisms may prevent or favor multiple
ovulations and thus twinning. The purpose of this review was to update this topic.
Abstract: While cows are predominantly monovular, over the past 30 years the incidence of multiple
ovulations and thus twinning has increased considerably alongside milk production. Multiple preg-
nancies are not desirable as they negatively affect the health of cows and the herd economy. Although
causal mechanisms associated with multiple ovulations have been extensively revised, the process of
multiple ovulations is not well understood. Recent studies on the thermal biology of the reproductive
system have shown how thermal mechanisms may prevent or favor multiple ovulations. This review
focuses on this relationship between thermal dynamics and multiple pregnancies. Cooling of the
pre-ovulatory follicle is able to regulate ovulation. In effect, pre-ovulatory local cooling of the female
reproductive system favors male and female gamete maturation and promotes fertilization. Thermal
stress is proposed here as a model of stress. Periods of high ambient temperature affect the processes
of pre-ovulatory follicular cooling and multiple ovulations. While the ratio between unilateral and
bilateral multiple pregnancies is normally close to one, under heat stress conditions, this ratio may
be 1.4 favoring unilateral multiple pregnancies. A ratio approaching unity is here proposed as an
indicator of cow wellbeing.
Keywords: graafian follicle; ovarian physiology; ovulation failure; unilateral ovulations
1. Introduction
Cows are predominantly a monovular species. However, over the last 30 years, the
incidence of multiple ovulations and thus twinning in dairy cows has increased consider-
ably alongside milk production [1–4]. Multiple ovulations are likely partly a consequence
of gene selection for milk yield [5]. However, aside from genetic progress, improvements
in nutrition and management practices have also led to a continuous increase in milk
yield and so to multiple ovulations [6–8]. In addition, breeding synchronization protocols
for fixed-time artificial insemination (FTAI) have become routine components of the re-
productive management of dairy herds. While some short protocols seem to reduce the
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double ovulation rate compared to spontaneous estrus [9] or to longer protocols [10], the
hormone combinations used for FTAI can increase the risk of double ovulation [11,12].
Hence, over the years to come, the multiple ovulation rate will probably continue rising
along with milk production. Multiple ovulations and subsequent multiple pregnancies
are not desirable as they negatively affect the health of cows and the herd economy [1–4].
A better understanding of the processes associated with multiple ovulations may help
reduce twinning rates. Factors associated with multiple ovulations have been extensively
reviewed [4,11,13,14]. However, the causal mechanisms of multiple ovulations are not well
understood [14]. Some thermal mechanisms that may prevent or favor multiple ovulations
have been recently identified. The purpose of this paper was to update the literature data
available on this topic.
2. Temperature Gradients in Mammalian Female Reproductive Organs
Pre-ovulatory local cooling of the female reproductive system promotes male and
female gamete maturation and plays a critical role in the events of fertilization [15–19].
The temperature within the genital tract increases progressively from the vagina to the
utero-tubal junction [20]. Thus, sperm pass from the warmer uterus through the utero-
tubal junction into the cooler isthmus [15,16,19], or caudal portion of the oviduct, where
their motility is reduced thereby serving as a functional sperm reservoir [21–23]. Close to
the time of ovulation, spermatozoa are released from the caudal isthmus to the warmer
site of fertilization [24]. Thus, temperature gradients promote sperm transport within
the mammalian female genital tract [15,16,19]. In fact, temperature differences within
the tubular genital organs may well remain as a vestige of terrestrialization, reflecting
the transition from external (aquatic) fertilization to the more efficient internal fertiliza-
tion [25]. The oviducts and uterus provide different aqueous luminal microenvironments
for gamete transport [26].
In ovarian tissues, temperature within the follicular antrum during the pre-ovulatory
period is able to regulate ovulation [27]. Pre-ovulatory follicles may be over 1 ◦C cooler
than neighboring tissues and both compartments are cooler than rectal temperatures in
sheep [28], rabbits [29], women [30], pigs [31,32], and cows [33–36]. In lactating dairy
cows, it has been recently shown that most follicles of pre-ovulatory size that were cooler
than deep rectal temperature ovulated, whereas follicles not showing such a temperature
differential did not [34–36]. In agreement with earlier results in humans [30], the extent
of follicular cooling in cows could be positively correlated with the occurrence of preg-
nancy [36]. In essence, the ovaries may require a lower temperature than neighboring
organs to maintain their functions [37], and mature Graafian follicles are always cooler
than stroma [15].
Counter-current exchange systems of heat between veins and arteries can set up such
temperature gradients. Local transfer of heat has been detected between many organs
and is well-established in the reproductive tissues of female mammals [38–40]. Local
counter-current transfer can be considered a regulation mechanism of organ function that
enables thermal and endocrine interplay between ovary, oviduct, and uterus [25].
3. Single versus Double Ovulation
The effects of heat stress on the reproductive success of dairy cows have been ex-
tensively described [41–43]. As local cooling of the reproductive system is the result of
counter-current transfer of heat, high ambient temperatures added to the metabolic stress of
milk production can compromise ovulation [44]. We thus propose thermal stress as a model
for any type of stress affecting pre-ovulatory follicular cooling and multiple ovulations. In
effect, global warming is likely already having a negative impact on reproductive functions
in mammals [45].
Ovarian follicles of pre-ovulatory size are particularly sensitive to thermal stress.
When cows in estrus were exposed over a brief period (<45 min) to high environmental
temperatures, they failed to ovulate [34]. The temperature of the non-ovulating follicles was
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equal to or higher than that of corresponding deep rectal temperatures, whereas follicles of
similar size that did sustain cooling ovulated (Figure 1) [34–36]. This explains why, in a
previous study on cows showing spontaneous estrus, the incidence of ovulation failure and
double ovulation were significantly higher and significantly lower, respectively, during
the warm than during the cool period [8]. Based on odds ratios, reaching estrus during
the warm period increased the likelihood of ovulation failure by a factor of 3.9, whereas it
decreased the likelihood of double ovulation by a factor of 0.86 [8]. It is clear that cows not
under heat stress during the cool period had a larger number of mature follicles responsive
to the process of cooling.
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ovulations. In a recent study on 622 lactating dairy cows, at the time of FTAI, 306 (49.2%) 
had a single follicle, 198 (31.8%) had two bilateral follicles (one follicle per ovary), and 118 
(19%) had two unilateral follicles (same ovary) [48]. Although heat stress at AI (maximum 
temperature-humidity index > 72) had not effects on follicular dynamics, cows with two 
unilateral follicles showed a higher double ovulation rate (48.6%) than cows with two bi-
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Figure 1. Sequence diagram showing: (A) events from a pre-ovulatory follicle undergoing cooling to
the process of ovulation, or (B) a follicle of pre-ovulatory size not exp iencing cooling which fail to
ovulate, for example under thermal stress conditions. Color change from light red (pre-ovulatory
follicle before cooling) to blue (preovulatory follicle going through cooling) indicates a decrease
in temperature in the ovulating follicle. The double arrow indicates the crosstalk between oocyte
and somatic follicular cells [25]. Drawing by López-Gatius. The color artwork is courtesy of Cris
Segú Mora.
The incidence of multiple vulations in high producers may be over 20% [6–8] or even
30% when following s me FTAI pro ocols [46,47]. However, th multiple ovulation rate is
not a true reflection of a higher rate of fo licles of pre-ovulatory size (co-dominant follicles)
at estrus. Obvi usly, the presence of two or more follicles is the basis of multipl vulations.
In a recent study on 622 lactating dairy cows, t the time of FTAI, 306 (49.2%) had a single
follicle, 198 (31.8%) had two bilateral follicles (one follicle per ovary), and 118 (19%) had two
unilateral follicles (same ovary) [48]. Although heat stress at AI (maximum te perature-
humidity index > 72) had not effects on follicular dynamics, cows with two unilateral
follicles showed a higher double ovulation rate (48.6%) than cows with two bilateral
follicles (34.8%) [48]. Inter- and intra-ovarian gradients in temperature and cooling in the
same ovary made the ovulation of both unilateral rather than of bi-lateral co-dominant
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follicles more likely. In the same study, all cows with three or more follicles (n = 13)
were withdrawn from the experiment [48]. This meant that about half of the cows had
two follicles or more at AI, and the subsequent percentage of double ovulations for all
cows was 18.2%. This incidence of double ovulation is within the ranges of 12–30%
provided by the different studies following FTAI [6,8,46–50], or 15–23% for cows following
spontaneous estrus [7,8,51,52].
Data derived from a more recent study reinforce these findings [53]. Incidence patterns
of multiple pregnancies (n = 1130) were examined in cows becoming pregnant following
their third parturition or more and in their partners with one single embryo (n = 3160). The
cows did not receive hormone treatments before pregnancy. The percentage of unilateral
multiple pregnancies (all embryos in the same uterine horn) was significantly higher than
that of bilateral pregnancies (at least one embryo in each uterine horn): 54.4% versus 45.6%.
Although the multiple pregnancy rate was practically the same for the warm (26.5%) and
cool period (26.3%), the difference between unilateral and bilateral multiple pregnancies
varied from 17% during the warm period to 3% during the cool period (Figure 2). This
suggests that ovulation of one follicle in cows with bilateral co-dominant follicles was
reduced under heat stress conditions. Thus, the fate of bilateral multiple pregnancies was
compromised during the warm period to the same extent as cooling of one follicle favored
cooling of its neighbor co-dominant follicle in unilateral multiple pregnancies [53].
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4. Conclusions
Multiple ovulations are the result of the simultaneous formation of two or more
co-dominant follicles either from one or both ovaries [54,55]. Probably, the time span of
the follicular stimulant hormone (FSH) threshold before follicular deviation is enough to
allow multiple ovulations in many cases [56,57]. However, the final process leading to the
events of ovulation can be blocked under certain circumstances such as the development
of stress. If the above sequence is correct, cows under stress conditions with a single
pre-ovulatory follicle at estrus may experience ovulation failure, whereas in cows with
two or more co-dominant follicles, of which at least one ovulates, ovulation failure of
the remaining follicles is often beyond the control of clinicians. We here propose heat
stress as a model of stress in a time in which global warming is already a serious threat
to reproductive function in animals and humans [45]. Possibly, follicular cooling before
ovulation is not only susceptible to heat stress but also to any other type of stress. Thus,
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the physiological pattern or natural conditions of the ratio between unilateral and bilateral
multiple pregnancies should be close to one, as was noted during the cool period in the
study described above, i.e., 1.07 (346/323). In contrast, the ratio 1.4 (269/192) recorded
during the warm period resulted in a higher incidence of bilateral ovulation failure rather
than an increased rate of unilateral ovulations [53]. The fact that we observed a significant
increase (p < 0.0001) in the conception rate (28–34 days post-insemination) from 31.1%
during the warm period to 37.5% during the cool period over the four years of study
supports this idea [53]. These results have clinical implications for reproductive control
programs in dairy cattle. Hence, when assessing the reproductive performance of a herd at
any given time, a ratio between unilateral and bilateral multiple pregnancies close to one
could be a good indicator of cow wellbeing.
Quantifying the number of follicles likely to undergo ovulation at insemination has
been the subject of only a limited number of studies. The incidence of cows developing
two or more co-dominant follicles is currently close to 50%, particularly in older cows, and
improvements in nutrition and management practices related to high milk production will
promote further follicular co-dominance [58]. Double ovulation has been often related to a
higher fertility [6,10,51,52]. Therefore, a balance between preserving fertility and preventing
the risk of multiple pregnancies must be a focal point of clinical research. However, the most
immediate question that needs addressing is how to reduce the risk of twin pregnancies
and twinning. To this end, the transfer of a single embryo or drainage without suction of
co-dominant follicles are recently proposed strategies [59,60], whereas once a cow becomes
pregnant, management of twin pregnancies has also been discussed [61]. The follow-up
of multiple ovulations following insemination is mandatory for optimizing reproductive
management in dairy cattle.
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